Regulation of mRNA synthesis requires intermediary proteins that transduce regulatory signals from upstream transcriptional activator proteins to basal transcription machinery at the core promoter. A reconstituted in vitro transcription system composed only of basal transcription machinery (core-RNA polymerase II and pure general transcription factors) does not respond to upstream transcriptional activator proteins even though it is fully functional for basal transcription (26, 36) . Three types of intermediary factors that enable the basal transcription machinery to respond to transcriptional activator proteins bound to regulatory DNA sequences have been identified: (i) TAF II s, which associate with TATA-binding protein (TBP) to form TFIID (12, 13 ; for a review, see reference 53); (ii) mediator, which associates with RNA polymerase II to form a holo-polymerase (11, 25, 26, 28 ; for a review, see reference 4); and (iii) coactivators such as human upstream stimulatory activity (USA) (36; for a review, see reference 23), mammalian CBP/P300 (for a review, see reference 19) , yeast ADA complex (17) , and HMG proteins (42, 46) . The interaction of these multiprotein complexes with activators and general transcription factors is essential for transcriptional regulation (3, 12-14, 18, 19, 43, 48, 57) . In this paper, we focus on the functional analysis of one intermediary factor from Saccharomyces cerevisiae called mediator.
The existence of mediator was originally suggested from a squelching assay, in which the addition of one activator interferes with stimulation of transcription by another activator, suggesting that the two activators compete for a common target (11, 25) . Squelching is specific for the activation domains of transcriptional activator proteins and could be relieved by addition of a partially purified yeast protein fraction but not by addition of known components of the basal transcription machinery. These results identified a novel activity termed mediator that is distinct from proteins required for basal transcription and that is essential for transcriptional activation. Fractionation of the yeast mediator activity yielded a mediator complex that is physically associated with RNA polymerase II (26) . The mediator complex comprises some 20 polypeptides (including Srb2p, Srb4p, Srb5p, Srb6p, Gal11p, Rgr1p, and Sin4p), each of which has been identified as a transcriptional regulator in separate genetic studies (26, 28, 31, 33, 50) . The mediator complex not only enables activated transcription, but also stimulates basal transcription and phosphorylation efficiency of the carboxy-terminal domain (CTD) of the RNA polymerase II largest subunit (encoded by RPB1) (26) . Association of the mediator, TFIIF, and core-RNA polymerase results in the formation of RNA polymerase II holoenzyme (holo-polymerase), which is sufficient and necessary for in vitro transcriptional activation by RNA polymerase II (26) . The association of additional transcription proteins, including TBP, TFIIB, TFIIH, several Srb proteins, and the SWI-SNF complex (14, 28, 56) , is controversial.
Genetic analysis of the mediator subunits revealed that mutations in SRB genes (40) reduce the level of transcription by RNA polymerase II (50, 51) , while RGR1, SIN4, and GAL11 are required for regulated transcription of Gal4-regulated genes (21, 44, 49) . The functional differences of mediator components as revealed by genetic and biochemical analyses of RGR1, GAL11, SIN4, and SRB genes suggest that a subset of the mediator proteins may be responsible for each of the mediator activities. Here, we report that a novel mediator gene, MED6 (previously designated MTR32 [31] ), is absolutely required for transcriptional activation of RNA polymerase IItranscribed yeast genes involved in the carbon source utilization and the mating-type specification pathways. Mutations in MED6 inhibited activated transcriptions but had no direct effect on uninduced or repressed transcription. The identification of MED6-related genes in humans and Caenorhabditis elegans suggests that the role of mediator in transcriptional activation is conserved throughout evolution. From these observations, we propose that Med6 protein (Med6p) plays an essential role in mediating between activator signals and basal transcription machinery.
MATERIALS AND METHODS
Construction of the med6 ts mutant allele. To construct a host strain for plasmid shuffling, a URA3-based single-copy plasmid (pRS316 [47] mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, and 5 U of Taq polymerase in a volume of 100 l. In order to make a med6 mutant library, we used a single-step method based on in vivo gap repair (38) . The med6 mutant PCR products were cotransformed into strain YCL4 with a linearized HIS3-based single-copy plasmid (pRS313) containing approximately 250 bp of MED6-flanking regions at its termini. A total of 40,000 His ϩ transformants were isolated, and more than 80% resulted from homologous recombination between the gapped plasmids and mutagenized PCR products. Of these 40,000 transformants, only 10% were viable after removal of the wild-type MED6 gene by 5-fluoroorotic acid (5-FOA) selection. The 5-FOA-resistant colonies were grown on yeast extract-peptone-dextrose (YPD) medium, and mutants showing temperaturesensitive (ts) lethality were isolated.
RNA preparation and analysis. Cells were grown in an appropriate medium to early exponential phase at 30°C (A 600 ϭ 0.3 to 0.4), divided into two aliquots, and then allowed to grow for another 2.5 h at either 30 or 37°C. Total RNA was prepared as described previously (7) and quantitated by absorbency at 260 nm, and the integrity was confirmed by ethidium bromide staining in an agarose gel. For S1 nuclease protection analysis, 30 g of total RNA was hybridized to completion with a 100 M excess of the 32 P-labeled oligonucleotide probes and digested with S1 nuclease as described by Cormack and Struhl (8) . The products were resolved on a 10% denaturing polyacrylamide gel and quantitated with the use of a PhosphorImager and ImageQuant software (Molecular Dynamics). The sequences and references for the oligonucleotides used for S1 analysis are as follows: DED1, 5Ј-GCTAAAGAAG CTGCCACCGC CACGGCCACC GTTG TAGCCG C-3Ј (6); HIS3, 5Ј-GGTTTCATTT GTAATACGCT TTACTAG GGC TTTCTGCTCT GTCATCTTTG CCTTCGTTTA TCTTGCCTGC TCA TTT-3Ј (6); TRP3, 5Ј-GGTAAAGGAA TCGTAGTTGT CAATTAAGAA CCACATGCTT ACCTTAG-3Ј (8); tRNA, 5Ј-GGAATTTCCA AGATTTA ATT GGAGTCGAAA GCTCGCCTTA-3Ј (8); rRNA, 5Ј-TGCCAGTACC CACTTAGAAA GAAATAAAAA ACAAATCGTT AGG-3Ј (8); MEDb, 5Ј-G GATTTGTCT TCTTGCCGGA TCCACATAGG CAAAC-3Ј; GAL1, 5Ј-CAC CAATTAG ACTCTACCAG GCGATCTAGC AACAAAATCC GG-3Ј; and SUC2, 5Ј-GCCATTTGGC ATCTTTTTCA TCGTACCACA ACCCATTTGG GTCATTCATC-3Ј. For Northern (RNA) analysis, poly(A) ϩ RNA (1 g) from each sample was separated on a 0.8% agarose-formaldehyde gel and transferred to a Nytran membrane. The filter was probed with 32 P-labeled antisense RNA as described by Sambrook et al. (45) . To prepare probes for Northern analysis, coding regions of the yeast genes PYK1, MF␣1, MAT␣1, MCM1, BAR1, and MAT␣2 were amplified by PCR and cloned into the multicloning sites of pBluescript II-SK ϩ (Stratagene). The cloned plasmids were then digested with appropriate restriction enzymes and used as templates for in vitro transcription with T7 or T3 RNA polymerase (Promega). Specifically hybridized signals were quantitated with the use of a PhosphorImager and the associated software. When necessary, the filter was stripped in distilled water for 10 min at 90°C and rehybridized with different probes. The descriptions of the PCR fragments of each gene used for probe preparation are as follows.
(i) PYK1. A 1.4-kb DNA containing an ORF region was amplified by PCR with primers PYK1-1 (from position ϩ1, the translation initiation site, to position ϩ21, containing an XbaI site) and PYK1-2 (ϩ1393 to ϩ1412, containing an EcoRI site).
(ii) MF␣1. A 508-bp DNA was amplified by PCR with primers MF␣1-1 (ϩ3 to ϩ25 tagged with an XbaI site) and MF␣1-2 (ϩ478 to ϩ498 with an EcoRI site).
(iii) MAT␣1. A 537-bp DNA was amplified with primers MAT␣1-1 (ϩ7 to ϩ27 tagged with an XbaI site) and MAT␣1-2 (ϩ507 to ϩ528 with an EcoRI site).
(iv) MAT␣2. A 624-bp DNA was amplified with primers MAT␣2-1 (ϩ21 to ϩ43 tagged with an XbaI site) and MAT␣2-2 (ϩ611 to ϩ633 with an EcoRI site).
(v) MCM1. An 870-bp DNA fragment was amplified with primers MCM1-1 (ϩ6 to ϩ28 with an XbaI site) and MCM1-2 (ϩ840 to ϩ861 with a PstI site).
(vi) BAR1. A 1.7-kb DNA was amplified with primers BAR1-1 (ϩ51 to ϩ72) and BAR1-2 (ϩ1743 to ϩ1764).
Protein purification. Mediator-RNA polymerase II complex was purified from 800 g of MED6 wild-type cells (YCL10) [MAT␣ ade2-101 ura3-52 lys2-801 trp1-⌬63 his3-⌬200 leu2-⌬1 med6::LEU2 (MED6 on pRS313, HIS3)] and from the same amount of med6 ts mutant cells (YCL8) [MAT␣ ade2-101 ura3-52 lys2-801 trp1-⌬63 his3-⌬200 leu2-⌬1 med6::LEU2 (med6 ts mutation on pRS313, HIS3)] through four chromatographic steps, including use of Bio-Rex70 (Bio-Rad), DEAE-Sepharose FF (Pharmacia), Bio-Gel-HTP hydroxyapatite (Bio-Rad), and MonoQ HR 10/10 (Pharmacia) as described by Kim et al. (26) . Holo-polymerase was eluted with 1 M potassium acetate from the MonoQ HR 10/10 column, and an aliquot (1 l) of the peak fractions (0.5 to 0.7 mg/ml) was used in each transcription assay.
In order to make a Med6p bacterial expression construct, the MED6 ORF region containing a six-histidine tag at its 5Ј end was amplified by PCR with primers MED6-2 (5Ј-GGGGGCCATG GCCCATCACC ATCACCATCA CAA CGTGACACCGTTGGATG AATTGC-3Ј, with the NcoI site underlined) and MED6-4 (5Ј-GGGGAGATCT TCTCATATGT AATTTGGGG-3Ј, with the BglII site underlined) and pBS-MED6 used as a template. A 900-bp PCR product was digested with NcoI and BglII and cloned into the NcoI/BamHI sites of pET11d (Novagen) to create pET-MED6. The final clone for the bacterial expression construct was confirmed by DNA sequencing. Recombinant Med6p (r-Med6p) and recombinant Srb5p (r-Srb5p) were purified from bacterial strain BL21(DE3) (Novagen) carrying plasmids pET-MED6 and pET-Srb5, respectively, according to the protocol described by Thompson et al. (50) .
In vitro transcription and CTD phosphorylation. Nuclear extracts from yeast strains YCL8 and YCL10 were prepared as described by Lue and Kornberg (34) . In vitro transcription using the nuclear extracts was performed as described by Wang et al. (55) . Nuclear extracts containing 50 to 60 g of proteins were preincubated for 10 min at the indicated temperatures. A supplemental mixture containing ribonucleotides, 150 ng each of pJJ470 and pS(GCN4) 2 CG Ϫ (26), and 5 to 10 Ci of [␣-
32 P]UTP with or without Gal4VP16 (30 ng) was then added to initiate transcription at 25°C. The reaction proceeded for 50 min. The reaction products were purified and analyzed by 7% denaturing polyacrylamide gel electrophoresis and quantitated with the use of a PhophorImager.
Reconstituted in vitro transcription and CTD phosphorylation with holopolymerase were performed as described elsewhere (26) . For a specific transcription assay, either wild-type or med6 ts mutant holo-polymerase (700 ng each; MonoQ fraction) was preincubated with other supplements (containing the two templates, general transcription factors, and 0.5 mM ATP, with or without Gal4VP16 activator) for 10 min at 25 or 37°C for formation of the initiation complex. [␣-
32 P]UTP (10 Ci) and CTP were then added, and incubation was continued at 25°C for 30 min. To examine the defects after initiation complex formation, heat treatment (10 min, 37°C) was administered after an initiation period (10 min, 25°C), and the transcription reaction (30 min, 25°C) was initiated by the addition of the remaining nucleotides. All transcription reactions were performed with 180 mM potassium acetate. For the CTD phosphorylation assay, reaction mixtures containing TFIIH (40 ng), 0.3 Ci of [␥-
32 P]ATP, and other supplements were added to core-polymerase (100 ng) or holo-polymerase (300 ng) with or without heat treatment, and the mixtures were incubated for 30 min at 25°C in a 15-l reaction volume. Reactions were stopped by the addition of 5 l of 4ϫ sodium dodecyl sulfate (SDS) gel loading buffer, and the reaction products were analyzed on an SDS-7.5% polyacrylamide gel. Transcripts and 32 P-labeled Rpb1 were quantitated with a PhosphorImager.
Immunoprecipitation. Affinity-purified anti-Srb5 antibody (100 g) was conjugated with protein A-agarose (Sigma) beads (100 l). MED6 homolog cloning. The human and C. elegans expression sequence tag (EST) databases were screened with BLAST (1) for expression sequence tags similar to yMed6p. EST clones encoding human (231995) and C. elegans (yk60911) MED6 homologs were obtained from Research Genetics and National Institute of Genetics, Japan, respectively. The cDNA sequences of the homologs were determined, and their deduced amino acid sequences were aligned with the yeast Med6p (yMed6p) sequence by using ClustalW (52) .
RESULTS
Isolation of med6 ts alleles. Peptide microsequencing of purified holo-polymerase identified a novel mediator protein encoded by a gene, which we named MED6, which is essential for cell viability (32) (GenBank accession no. U78080). In order to examine the function of MED6 in vivo, we constructed a med6 mutant library in yeast by replacing the MED6 gene with a mutated med6 allele as described in Materials and Methods. To isolate ts mutants among the viable med6 mutant strains, 2,200 library cells were tested for their ability to grow at 30 and 37°C. From this screen, we isolated three med6 mutant strains that showed a growth defect at 37°C. The mutant isolate (YCL8) with the most severe ts phenotype was used for subsequent analyses (Fig. 1A) .
YCL8 grew normally at 30°C in a glucose medium but ceased to grow within 2 to 4 h after being shifted to 37°C. At this nonpermissive temperature, the morphology of YCL8 be-came abnormal and a multibudded structure was observed (data not shown). Sequencing of the med6 ts allele revealed 10 nucleotide changes in the ORF, resulting in six amino acid substitutions (Fig. 1B) . Results of a domain-swapping experiment with a wild-type MED6 gene indicate that the first three mutations were responsible for the ts lethality (data not shown).
RNA polymerase specificity of the med6 ts mutation. Because Med6p is a component of the mediator-RNA polymerase II complex, the function of MED6 might be limited to transcription by RNA polymerase II. In order to investigate this possibility, we examined the effect of the med6 mutation on transcription by RNA polymerases I, II, and III by measuring the transcript levels of the rRNA, DED1, and tRNA genes, respectively ( Fig. 2A) . For rRNA and tRNA, which have a relatively long half-life compared to those of mRNAs, the synthesis rates were measured with probes specific to their precursor forms (8) . As expected, the levels of both rRNA and tRNA precursors were not affected by the med6 mutation at the nonpermissive temperature; however, the mRNA level of DED1 was also unaffected (Fig. 2A) . There remained the possibility that the med6 mutation affected only certain RNA polymerase II-transcribed genes. Therefore, we tested the effect of the med6 ts mutation on activated transcription of genes involved in amino acid metabolism (HIS3 and TRP3) and carbon source metabolism (GAL1 and PYK1), as well as on MED6 itself. The med6 ts mutation abolished activated transcription of GAL1 and diminished PYK1 transcription two-to threefold at the nonpermissive temperature. However, the med6 ts allele had no effect on transcription of TRP3 and MED6. In addition, the ratio of constitutive (ϩ1) to activated (ϩ13) transcription of HIS3 was not altered by med6 mutation, although the level of total HIS3 transcript in mutant cells was elevated due to an artificial condition placing both med6 and HIS3 genes in the Wild-type (WT) and med6 ts mutant (TS) cells were grown in YPD or YP plus galactose medium (for GAL1) at 30°C to the early exponential phase, and then total RNA was prepared after cultivation at the indicated temperature for another 2.5 h. Total RNA (30 g) or poly(A) ϩ RNA (1 g) was used for S1 nuclease protection or Northern hybridization (for PYK1) assays, respectively, to measure the transcript levels of the indicated genes. S1 nuclease protection assay of HIS3 detected both the constitutively expressed (ϩ1) and the regulated (ϩ13) transcripts. (B) Effects of the med6 ts mutation on transcription of GAL1 and SUC2 genes. Total RNA was prepared and used for S1 nuclease protection assays from cells grown at the indicated temperatures in YPD (YPGlc), YP plus galactose (YPGal), or YP plus raffinose (YPRaf) medium, as described in Materials and Methods. To show the relative abundance of GAL1 and SUC2 transcripts, DED1 transcript levels are shown as an internal control. same plasmid (Fig. 2A) . Therefore, the med6 mutation affected activated transcription only of specific genes transcribed by RNA polymerase II.
Effects of the med6 ts allele on transcriptional regulation of the GAL1 and SUC2 genes. Consistent with the defect of the med6 ts mutation in activated transcription of GAL1, the med6 ts mutant strains showed a two-to threefold-lower growth rate than did the wild-type strain, even at the permissive temperature, when a carbon source other than glucose was supplied (data not shown). This result prompted us to examine the effect of the med6 mutation on transcription of the SUC2 gene as well. An S1 nuclease protection assay revealed that the expected activation of GAL1 transcription in galactose media and derepression of SUC2 transcription in raffinose media were completely inhibited in the med6 ts mutant when cultured at the nonpermissive temperature (Fig. 2B) . In contrast to the effect on transcriptional activation and derepression, the repression of GAL1 and SUC2 transcription in glucose media was not affected by the med6 ts mutation (Fig. 2B) . This result suggests that the ts activity of Med6p functions mainly in the activated transcription of GAL1, PYK1, and SUC2.
Effect of the med6 mutation on mating-type-specific genes. Defects in carbon source metabolism and abnormal morphology are common phenotypes that the med6 mutant shares with other mediator mutant alleles (gal11, rgr1, and sin4). Thus, we examined whether the med6 ts allele also had a defect in transcription of mating-type specification genes, as observed in the gal11 null mutant (10, 39 ). First, we tested the amount of ␣-factor produced by wild-type and med6 mutant strains by use of a halo (growth inhibition) assay. Production of ␣-factor can be assayed by the size of the growth inhibition area of a tester strain (MATa sst1, the strain supersensitive to mating factor ␣). As shown in Fig. 3A , the size of the halo around the parental wild-type strain (YCL4) was about threefold greater than that around the med6 ts strain (YCL8), indicating a reduction in ␣-factor production by the med6 ts mutant, even at the permissive temperature. To determine whether the impaired ␣-factor production resulted at least in part from a defect in transcriptional activation of MF␣1 (which encodes the majority of ␣-factor in the cell [29] ), we measured the level of MF␣1 transcripts. We also examined the expression of the transcriptional activator (Mat␣1p) and coactivator (Mcm1p) of MF␣1 to distinguish between a direct and an indirect effect on the MF␣1 transcription (16) . Northern blot analysis revealed that the transcription of MF␣1 was diminished substantially in the med6 mutant strain grown at the restrictive temperature, whereas the levels of MAT␣1 and MCM1 transcripts were not affected (Fig. 3B) . Therefore, Med6p plays a crucial role in the activated transcription of MF␣1.
The regulation of cell type specification genes requires transcriptional repression as well as activation. In ␣-cells, the transcription of a-specific genes, such as BAR1, is inhibited by the repressor complex Mat␣2p-Mcm1p (16) . Although the med6 mutation had no effect on the repression of GAL1 and SUC2 transcription, we investigated the role of Med6p in transcriptional repression of BAR1, since three mediator components, Gal11p, Rgr1p, and Sin4p, have been demonstrated to function as both positive and negative regulators of transcription (10, 20) . As shown in Fig. 3B , the repressed level of BAR1 transcript was not increased but rather decreased slightly by the med6 mutation at the nonpermissive temperature. This result suggests that at least our med6 ts allele does not affect the transcriptional repression of a-specific gene BAR1, either.
Effects of the med6 ts mutation on nuclear extract transcription. In vivo analyses described above revealed that Med6p plays a role in activated transcription of some sets of genes transcribed by RNA polymerase II. To investigate the effect of the med6 ts mutation on activated transcription in vitro, we tested the transcriptional activities of nuclear extracts prepared from wild-type and med6 mutant cells. As shown in Fig. 4A , wild-type and mutant nuclear extracts exhibited similar activities in both activated and basal transcriptions when conducted at 25°C (lanes 1, 2, 6, and 7) . Incubation of the nuclear extracts at 30 to 34°C prior to initiation of the transcription reaction at 25°C caused a gradual decrease of both basal and activated transcriptions without changing each enzyme's activity as measured by fold activation (14-to 16-fold, based on quantitation using a PhosphorImager). However, preincubation of the mutant extract at 37°C caused a severe decrease in activated transcription rather than basal transcription (Fig. 4A, lane 10) , resulting in only a 6-fold activation compared to the 16-fold activation by the wild-type nuclear extract under the same condition (Fig. 4A, lane 5) . To further confirm that this transcriptional defect was due to the med6 mutation, we tested whether r-Med6p can rescue the transcriptional defect of the med6 mutant nuclear extract (Fig. 4B ). The addition of FIG. 3 . Effects of the med6 ts mutation on ␣-factor production. (A) Mating factor assay. MED6 wild-type (wt) (MAT␣) and ts mutant (MAT␣) strains, along with the MAT␣ and MATa cells as a positive and a negative control, respectively, were spotted onto a lawn of MATa sst1 tester cells (RC629W) grown on YPD medium and incubated for 3 days at 30°C. The size of the halo around the cell spots represents the amount of ␣-factor produced by the spotted strains. (B) Effect of the med6 ts mutation on transcription of genes involved in ␣-factor production. The indicated cells were grown in YPD medium at 30°C to early exponential phase and then grown for another 2.5 h at the indicated temperature. Poly(A) ϩ RNA (1 g) prepared from each sample was analyzed by Northern hybridization with RNA probes complementary to the indicated gene. To show that the same amount of poly(A) ϩ RNA was used in each lane, the filter was stripped and rehybridized with a DED1 oligonucleotide probe.
r-Med6p to the wild-type nuclear extract had no effect on either basal or activated transcription, regardless of whether the extract was preincubated at 37°C (Fig. 4B, lanes 3 and 4; 12-fold activation) or not (lanes 1 and 2; 11-fold activation). However, preincubation of mutant extract with r-Med6p rescued completely both its temperature-dependent defect in transcriptional activation (Fig. 4B, lane 4 [12- fold activation] versus lane 8 [10-fold activation]) and its temperature-independent defect in basal transcription to the level of wild-type extract (mutant holo-polymerase had a slightly lower transcription activity than wild-type enzyme even under the permissive condition; see Fig. 7A and text) . This complementary activity was specific to Med6p; r-Srb5p had no effect on transcription when tested in an identical assay (Fig. 4B, lanes 7 and 9; fivefold activation). Therefore, in vitro data with nuclear extracts support strongly the in vivo results implying that heatsensitive function of Med6p is required for transcriptional activation rather than basal transcription.
Subunit composition of med6 mutant holo-polymerase. In order to address whether the med6 mutation was solely responsible for the defect in transcriptional activation, we isolated mediator-RNA polymerase II complex (holo-polymerase) from the med6 mutant strain and analyzed its subunit composition. Yeast whole-cell extracts from wild-type and mutant strains were fractionated by Bio-Rex70, DEAE-Sepharose, hydroxyapatite, and MonoQ column chromatographies as described by Kim et al. (26) . The wild-type and mutant holo-polymerases possessed comparable biochemical characteristics during column chromatographies. Western blot (immunoblot) analyses demonstrated that Med6p always comigrated with other mediator components during the purification (Fig. 5A and data not shown), as described previously (31) . Likewise, mutant Med6 protein (med6p) also fractionated together with other mediator subunits throughout the purification (Fig. 5B and  data not shown) . However, the amount of med6p as measured with antibodies to wild-type Med6p in the mutant holo-polymerase fraction was only about 10 to 15% of the amount of Med6p in the wild-type fraction (Fig. 6A) . Because the antiMed6p antibodies cross-react equally well with both wild-type and mutant Med6 recombinant proteins (data not shown), med6p in the mutant fraction was substoichiometric to other mediator components. The deficiency of med6p in the mutant 2, 6 , and 7) or with (lanes 3 to 5 and 8 to 10) preincubation at the indicated temperatures for 10 min as described in Materials and Methods. For activated transcription, Gal4VP16 (30 ng) was added to the reaction mixture. The amounts of wild-type (50 g) and mutant (60 g) nuclear extracts used in these experiments were normalized so that the same amount of transcription activity could be obtained from each reaction mixture when transcription was done without a heat treatment. (B) Rescue of the transcriptional defect in mutant nuclear extract by the addition of r-Med6p. Wild-type and med6 ts mutant nuclear extracts were assayed for transcription activity without (lanes 1, 2, 5, and 6) or with (lanes 3, 4, and 7 to 9) preincubation at 37°C. The effect of the addition of r-Med6p (80 ng; lanes 2, 4, 6, and 8) or r-Srb5p (80 ng; lane 9) to the indicated nuclear extracts was measured in the presence of Gal4VP16.
FIG. 5. Copurification of wild-type and mutant
Med6p with other mediator components. Hydroxyapatite column fractions (10 l each) from wild-type (A) and med6 ts mutant (B) strains were analyzed by immunoblotting with antibodies specific for Rpb1, Srb4, Med6, and Srb2 proteins as indicated. The peak of holo-polymerase eluted at around 90 mM potassium phosphate for both wildtype and mutant fractions. Lane L, the sample loaded onto the column; numbered lanes, fraction numbers.
holo-polymerase did not result from the dissociation of the mutant protein during the purification procedure, because the total amount of med6p in the mutant nuclear extract was also about 10 to 15% of that in the wild-type nuclear extract (data not shown). In addition, no dissociated form of med6p was detected in any other fractions throughout the entire purification procedure (data not shown). Therefore, all of the med6p appears to be associated with mediator complex in vivo.
To examine whether the decrease in the amount of mutant med6p disrupted the association of other mediator components in the mutant holo-polymerase, wild-type and mutant holo-polymerases were immunoprecipitated with antibodies to Srb5p, and the immune complexes were analyzed by silver staining. The polypeptide compositions of the two holo-polymerases were indistinguishable except for the large reduction in the amount of a 38-kDa polypeptide in the mutant holopolymerase (Fig. 6B ). This 38-kDa polypeptide cross-reacts with antibodies to Med6p (data not shown). Immunoprecipitation of holo-polymerases demonstrated not only that Med6p is a component of holo-polymerase, but also that no other component of holo-polymerase was absent from the mutant holo-polymerase.
In order to study how med6p affected transcription, we overexpressed med6p carried on a multicopy plasmid in med6 mutant cells. However, the increased number of copies of the med6 ts allele did not elevate the level of med6p in mutant cell; thus, the ts lethality of mutant cells was not suppressed (data not shown). These results suggest that ts mutation in med6p makes it loosely associated with holo-polymerase, which causes a rapid degradation of the mutant med6p regardless of its expression level.
Biochemical properties of the med6 mutant holo-polymerase. Previous work has shown that mediator-RNA polymerase II complex (holo-polymerase) has three functional characteristics distinct from those of core-RNA polymerase II (26): (i) stimulation of basal transcription (5-to 10-fold), (ii) responsiveness to activator proteins, and (iii) a substantial increase in the phosphorylation efficiency of Rpb1 CTD by TFIIH (10-to 40-fold). We therefore examined the effect of the med6 mutation on each of the above activities of holo-polymerase in a defined system as described in Materials and Methods. In order to demonstrate ts activity of med6p, all the components of the transcription reaction mixture except CTP and UTP were preincubated at 25 or 37°C for 10 min, and then the transcripts were elongated at 25°C by the addition of the nucleotides.
We examined the effect of the med6 ts mutation on basal transcription. When equal amounts of holo-polymerases were tested for basal transcription activities, the med6 mutant holopolymerase displayed 70% of the activity of wild-type holopolymerase (Fig. 7A, lanes 1 and 6) . Preincubation at 37°C lowered the basal transcription activity of the mutant holopolymerase slightly (Fig. 7A, lanes 3 and 8) (less than a twofold decrease was observed consistently).
On the other hand, an obvious temperature-dependent defect in transcriptional activation from med6 mutant holo-polymerase was observed. When transcription reaction mixtures were preincubated at 25°C in the presence of Gal4VP16 (Fig.  7A , lanes No), both mutant and wild-type holo-polymerases specifically activated transcription from the GAL4 enhancercontaining template more than 40-fold (43-and 40-fold, respectively; Fig. 7A, lanes 2 and 7) . However, when a heat treatment (10 min at 37°C) was administered during initiation complex formation and followed by elongation at 25°C (Fig.  7A, lanes DI) , activated transcription by the med6 mutant holo-polymerase was diminished (sixfold; Fig. 7A, lane 9) . Under equivalent conditions, activated transcription by wild-type holo-polymerase was reduced only slightly, probably as a result of a nonspecific heat inactivation of the enzymes (28-fold; Fig.  7A, lane 4) . We further confirmed that the crippled transcriptional activation by the mutant holo-polymerase resulted specifically from the mutant med6p by rescue of its defect with r-Med6p. Addition of r-Med6p to the mutant holo-polymerase during the heat treatment restored its activity to that of wildtype holo-polymerase (24-fold; Fig. 7A, lane 10) . This rescuing activity was specific to Med6p function; r-Srb5p failed to ex- hibit a similar effect when added to the mutant holo-polymerase, and r-Med6p had no effect on transcription when added to wild-type holo-polymerase (data not shown).
Although heat treatment of mutant holo-polymerase during initiation complex formation caused an irreversible defect, heat treatment administered after initiation complex formation (Fig. 7A , lanes AI) caused no mutant-specific defect; the mutant holo-polymerase was almost as potent as the wild type in transcriptional activation (21-fold for the wild type and 15-fold for the mutant; Fig. 7A, lanes 5 and 11) . Therefore, Med6p activity is required for activated transcription during the initiation period, and once initiation complex is formed, the heat-sensitive Med6p function is dispensable.
Finally, we examined the effect of the med6 mutation on CTD phosphorylation efficiency of holo-polymerases. It has been suggested that CTD phosphorylation is an important step in the transition from initiation to elongation, and a higher CTD phosphorylation efficiency may reflect a larger amount of transcription activity. When equal amounts of polymerases were phosphorylated by TFIIH, both holo-polymerases were FIG. 7 . Comparison of wild-type and med6 ts mutant holo-polymerase activities in a reconstituted transcription system and CTD phosphorylation reaction. (A) Effects of the med6 ts mutation on a reconstituted in vitro transcription. At the top of the figure, the reaction conditions for initiation complex formation and transcription are illustrated. The effects of heat treatment on transcription during the initiation period (DI) (lanes 3, 4, and 8 to 10) and after the initiation period prior to elongation (AI) (lanes 5 and 11) were examined by comparison to the transcription reaction without heat treatment (No) (lanes 1, 2, 6, and 7). During initiation or heat treatment, holo-polymerase (holo-polII), general transcription factors (GTFs [TBP, TFIIB, TFIIE, and TFIIH]), two DNA templates, ATP, and buffer were incubated together at the indicated temperature. Activator (Gal4VP16; 30 ng) and r-Med6p (80 ng) were also added to some reaction mixtures (ϩ). Only after initiation complex formation (No) or heat treatment (DI and AI), [␣-32 P]UTP and CTP were added to the reaction mixture to start elongation. Wild-type or med6 mutant holo-polymerases (700 ng each), which have the same level of nonspecific transcription activity, were used in all transcription reactions. GCN4:G Ϫ and GAL4:G Ϫ are as defined in the legend to Fig. 4. (B) Effect of the med6 ts mutation on CTD phosphorylation by TFIIH. Core-polymerase (C) (100 ng) and wild-type (W) (300 ng) and med6 ts mutant (T) (300 ng) holo-polymerases (equivalent amounts of each for nonspecific transcription activity) were incubated with yeast TFIIH (40 ng) and [␥-32 P]ATP, and phosphorylation of Rpb1 was analyzed by SDS-polyacrylamide gel electrophoresis as described in Materials and Methods. To examine the effect of heat treatment on CTD phosphorylation, the same amount of each polymerase was preincubated for 10 min at 37°C with (lanes 6 and 8) or without (lanes 4, 5, and 7) r-Med6p (30 ng) and subjected to the CTD phosphorylation reaction. The position of phosphorylated Rpb1 is indicated (arrow). (C) Quantitation of transcription and CTD phosphorylation of holo-polymerases. Basal and activated transcriptions of wild-type and med6 ts mutant holo-polymerases (left panel) were quantitated by using a PhophorImager, and their activities are shown as fold activation. Fold stimulation of CTD phosphorylation of holo-polymerase compared to that of core-RNA polymerase (right panel) was also quantitated. phosphorylated at least 10 times more efficiently than corepolymerase (13-fold for the wild type and 10-fold for the mutant; Fig. 7B, lanes 2 and 3) , regardless of whether they were incubated at 37°C prior to phosphorylation at 25°C (22-fold for the wild type and 14-fold for the mutant; Fig. 7B, lanes 5 and  7) . Although the CTD phosphorylation efficiency of the mutant holo-polymerase was independent of the heat-sensitive activity of Med6p, it was 30% less efficient than that of wild-type holo-polymerase under the same conditions. This defect appeared to result from an indirect effect of the med6 mutation, as it was not rescued by the addition of r-Med6p (15-fold; Fig.  7B, lane 8) .
Cloning of MED6 homologs from humans and C. elegans. Database searches for MED6-related genes using the yMed6p sequence identified expression sequence tags similar to yMed6p from the human and C. elegans EST databases. The sequences of the human and C. elegans EST clones were determined, and they predict a 157-amino-acid protein for humans and a 246-amino-acid protein for C. elegans. Comparison of the protein sequences of the human and C. elegans Med6p homologs to the yMed6p sequence showed 30 and 34% similarity, respectively (Fig. 8) . Despite the sequence homology, neither the full-length human MED6 homolog nor several yeast-human chimeric genes complement the MED6 activity in yeast (data not shown). This suggests that species-specific interactions between MED6 and the transcriptional apparatus may be required for proper transcriptional regulation. In order to confirm the functional similarity of the Med6p homolog, we are examining the occurrence of the homolog in human holopolymerase and its role in transcriptional activation.
DISCUSSION
From a genetic standpoint, Med6p defines a new class of yeast proteins that are not components of either an activatorenhancer assembly or of the basal transcription apparatus but which are nonetheless absolutely required for activated transcription. Furthermore, it is broad acting, as shown by the pleiotropic effect of the med6 ts allele. The absolute requirement of Med6p for activated transcription of several diverse yeast promoters demonstrates the general importance of the mediator complex in transcriptional activation in vivo. This general requirement of Med6p for activated transcription differs from that of other transcriptional cofactors, such as TAF II s and USA (for reviews, see references 23 and 53). TAF II s associate with the general transcription factor TBP, and extensive biochemical studies demonstrate their essential role in transcriptional activation and promoter selectivity. However, recent in vivo analysis of TAF II s in yeast reveals that depletion of TAF II s has no effect on transcription of most promoters tested, despite their requirement for cell viability (37, 54 (24, 46) . Functional analysis of the yeast homolog (Tsp1p/Sub1p) of mammalian PC4 showed that the protein interacted with TFIIB and stimulated transcriptional activation, but unlike Med6p, it was not required for cell viability (15, 27) .
In contrast to TAF II s and Tsp1p/Sub1p, Med6p is essential for transcriptional activation of most of the promoters we tested in yeast. Among the genes tested (GAL1, SUC2, PYK1, MF␣1, and HIS3), activated transcription of only the HIS3 gene was not affected by the med6 allele. Transcriptional activation of all other genes tested was reduced to the uninduced level. We also reproduced the med6 defect in transcriptional activation in a defined in vitro system in the absence of TAF II s, USA, or the SWI-SNF complex. These results support the in vivo results indicating that mediator has a more general role in transcriptional activation in yeast than do other known cofactors. Identification of MED6-related genes in humans and C. elegans may suggest that a similar transcriptional regulation mechanism is used in higher eukaryotes as well. An RNA polymerase II complex has been purified from human cells, and a human homolog of yeast holo-polymerase component SRB7 has been identified (5, 35, 41) .
Although MED6 is required for transcriptional activation of most promoters we tested, the med6 ts mutation did not affect transcriptional activation from all cellular promoters. The effect of the med6 allele was observed for the GAL4-and MAT␣1-regulated genes but not for GCN4-regulated genes. The difference might result from allele specificity of the mutant we analyzed. However, it is also possible that distinct classes of activators may interact with different mediator subunits or even different complexes, such as TFIID or USA. The selectivity in activator-mediator interaction also suggests that combinatorial interactions between activators and mediator subunits may be used to increase the diversity of transcriptional regulation.
Another striking aspect of the med6 allele is its effect on only the activated, and not uninduced or repressed, transcription. In addition, neither transcription of constitutively expressed genes nor higher CTD phosphorylation efficiency, both of which correlate with higher basal transcriptional activity of holo-polymerase, was affected by the med6 mutation. Therefore, unlike the Srb proteins, which are required for general transcription by RNA polymerase II (51), Med6p is unique in that it is required only for activated transcription. On the other hand, another group of mediator subunits, including Rgr1p, Sin4p, and Gal11p, is involved in transcriptional repression as well as activation (10, 20, 22, 44) . The observation that the various mediator functions (activation, repression, and stimulated basal transcription) appear to require different sets of mediator proteins suggests that the mediator complex is composed of several functional domains.
The minimal number of mediator subunits required for transcriptional activation by RNA polymerase II remains to be deciphered. We demonstrated that Med6p is absolutely required for transcriptional activation both in vivo and in vitro. However, the inability of r-Med6p alone to mediate transcriptional activation in an in vitro system comprising homogeneous basal factors and core-RNA polymerase II indicates that additional mediator components collaborate with Med6p to achieve transcriptional activation (data not shown). Whether these mediator components have been identified (such as Rgr1p, Sin4p, and Gal11p) or are as yet uncharacterized can be determined by isolating proteins that interact with Med6p. critical comments on the manuscript. We offer special thanks to Changsoo Kang for help in sample preparation, Juri Kim for technical assistance, and Yuji Kohara for providing the yk60911 C. elegans EST clone. We thank Yang Li, Jasper Svejstrup, and Roger Kornberg for providing MED6 clones, TFIIH, and antibodies. We also thank Toshio Fukasawa and Rick Young for Gal11 and Srb antibodies.
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